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Protease-sensitive atelocollagen hydrogels were chemically designed to promote accelerated wound healing in vivo compared to a dressing gold standard.
Dressing materials have been widely employed in the clinic for the treatment of chronic wounds. 4, 5 In contrast to skin substitutes, 6 wound dressings are temporarily applied to the wound bed, in order to ensure a defined environment in terms of moisture (to minimise the risk of tissue maceration) and exudate management (to retain growth factors, MMPs and specific cells key to healing). 7, 8 Furthermore, an ideal wound dressing should (i) provide thermal insulation and oxygen exchange; (ii) protect damaged tissue from secondary infections and bacterial contamination; (iii) display low adherence in situ to enable complete dressing removal without debris formation and integration with the host tissue; (iv) control activity of up-regulated MMPs, such as MMP-9, 9, 10, 11, 12, 13, 14, 15, 16, 17 in order to promote wound healing; (v) not induce any toxic response to tissue microenvironment. Although these requirements can be individually provided by many existing commercial dressings, such controlled multi-functionality is still challenging to accomplish in a single, soluble factor-free material system. Here, we report a synthetically processed, triple helix preserved collagen system that fulfils the above requirements and successfully leads to complete wound closure in diabetic mice. Moreover, the system can be customised to provide bespoke material architectures, i.e. hydrogels, fibres and fabrics.
As they are based on hydrophilic building blocks, hydrogels have been widely employed for the design of wound dressings; 18 their water content can be tuned in order to ensure defined levels of exudate in situ, 19, 20, 21 whilst the moist interface with the skin prevents dressing adherence and allows for easy removal. Additionally, hydrogels can be customised into fibres and fabrics, whereby the creation of both internal pores and fabric architecture offers advantages with regard to wound exudate management and material dressability. 22, 23 Polyurethane 24 and methylcellulose 25 have been successfully employed for the development of wound dressing products, i.e. Mepilex ® and Aquacel ® , respectively. Particularly the methylcellulose-based materials can become significantly weaker in the wet-state, highlighting the narrow trade-off between water absorbency and hydrated mechanical properties. 26 Also, such materials, based on either synthetic or polysaccharide-based backbones, do not contain MMP cleavage sites, which are key for the dressing to act as a substrate for up-regulated proteases in order to stimulate wound healing.
In an effort to introduce MMP sensitivity, polymer networks have recently been synthesised as active systems to accelerate diabetic wound healing in vivo. 27 Proteasecleavable hyaluronic acid macromers have been electrospun to ensure controlled enzymatic degradability. 28 Polyethylene glycol (PEG) hydrogels have been synthesised to either provide sustained, enzymatically-responsive release of peptide drugs, 29 or provide real-time quantification of MMP activity 30 aiming to establish a relationship to cell viability following drug treatment. 31 Ultimately, Francesko et al. investigated polyphenolic compounds in multi-component collagen-based sponges as enzymatic inhibitors.
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Rather than synthetically introducing MMP sensitivity in covalent networks, we have recently reported the creation of inherently enzymatically degradable rat tail collagen hydrogels with retained triple helix organisation that have higher compressive modulus and comparable water uptake with respect to commercial dressings, e.g. Aquacel ® . 33, 34, 35 Wet stable fibres have also been produced by sequential wet-spinning of collagen triple helices and post-spinning covalent crosslinking with an aromatic diacid. 36, 37, 38 In light of these promising reports, we investigated in this study whether functional systems could be realised by building molecular architectures defined by the biochemical attributes of the chronic wound microenvironment in order to achieve accelerated healing in vivo. We hypothesised that type I telopeptide-free, non-hydrolysed, medical grade AC could be used as highly-purified building block for the formation of largely hydrated systems with minimal antigenicity. 39, 40 AC triple helices were chemically functionalised with 4-vinylbenzyl chloride (4VBC) and integrated in a covalent network via UV irradiation. 4VBC was employed due to the remarkable swelling ratio and hydrated compressive modulus previously observed in rat tail collagen materials. 41 Introduced 4VBC adducts were also hypothesised to mediate complexation with upregulated MMPs found in chronic wound exudates. Experiments were carried out in vitro to investigate the impact of either AC hydrogels or two commercial dressings, i.e. Aquacel ® (Convatec) and Mepilex ® (Mölnlycke Health Care), on MMP-9 activity. MMP-9 was selected since significantly elevated levels in MMP-9 have been reported in chronic compared with acute wound fluids, suggesting a direct correlation with the clinical wound state. 42 Further to the study in vitro, full thickness wounds were created in db/db diabetic mice as well-accepted animal models in wound healing research, 43, 44 and treated with either AC hydrogel or abovementioned wound dressing gold standards.
Materials and methods

Materials
An aqueous solution of medical grade type I AC from bovine corium (3 mg•ml -1 in 10 mM HCl) was kindly provided by Collagen Solutions PLC. Rat tails were provided by the School of Dentistry, University of Leeds (UK) from which type I collagen was isolated inhouse via acidic treatment of rat tail tendons. Phosphate-buffered saline (PBS, w/o Ca 2+ and Mg 2+ ions) was purchased from Lonza. All the other chemicals were purchased from SigmaAldrich.
Synthesis of atelo-and rat tail collagen hydrogels
Medical grade AC hydrogels were prepared by adopting previously-published protocols. 33, 34, 41 
Compression tests
PBS-equilibrated hydrogel discs (Ø: 18 mm; h: 7 mm) were compressed at room temperature with a compression rate of 3 mm•min -1 (Instron ElectroPuls E3000). A 250 N load cell was operated up to complete sample compression. 34 Stress-strain curves were recorded and the compression modulus quantified as the slope of the plot linear region at 25-30% strain. Six replicates were employed for each composition. Data are presented as mean ± standard deviation (SD). 
Swelling ratio and gel content
where m s is the mass of PBS-equilibrated samples.
In addition to the swelling ratio, the gel content was determined as the overall portion of the covalent hydrogel network insoluble in 10 mM HCl solution. 46 
where m 1 is the dry sample mass following incubation in 10 mM HCl. Five replicates were employed for both swelling and gel content tests. Data are presented as mean ± SD. removed. Wounds were gently cleaned using saline-soaked sterile gauze, blotted dry with sterile gauze and digitally photographed. Each wound was scored by two independent observers, as to whether it was displaying initiation of neo-dermal tissue generation activity, 44 and the percentage of responsive wounds compared between experimental groups. Following this, fresh, sterile samples of collagen networks, commercial dressings and secondary adhesive dressings were then applied. Following all anaesthetic events, animals were placed in a warm environment and were monitored until they had fully recovered from the surgical procedure. All animals received appropriate analgesia (buprenorphine) after surgery and additional analgesics as required.
MMP-9 activity and enzymatic degradation study
At day 20, wounds of all animal groups were cleaned, assessed and digitally photographed.
Animals received an intraperitoneal injection (30 µg•g -1 body weight) of 5-bromo-2′-deoxyuridine (BrdU, Sigma) one hour prior to termination, in order to facilitate future detection of proliferating cells by immuno-histochemical analysis of tissue sections. Wounds and marginal tissues were harvested and processed for histological investigation.
Image analysis of wound closure
Image Pro image analysis software (version 4.1.0.0, Media Cybernetics, USA) was used to calculate wound closure from wound images over time in each of the experimental groups.
At selected time points, the open area was measured for each wound and wound closure expressed as percentage ratio between post-wounding open area and initial area.
Harvesting and processing of wound tissues
On post-wounding day 20, all animals were humanely sacrificed by CO 2 asphyxiation (confirmed by cervical dislocation). Wounds and surrounding normal tissue were excised and fixed in 10% (v/v) neutral buffered formalin (Sigma, UK) for histological assessment.
Excised tissue was sandwiched between two pieces of foam, prior to being placed in fixative, to reduce the extent of tissue curling. Fixed specimens were trimmed and bisected, generating two half wounds per site. Both halves were processed and embedded in paraffin wax.
Specimens were orientated in such a fashion as to ensure that appropriate transverse sections of the wound could be taken.
Histological evaluations
Wax-embedded tissues from post-wounding day 20 were sectioned at 6 μm thickness and stained with haematoxylin and eosin (H&E). The histological wound width and the granulation tissue depth were quantitatively assessed using Image Pro image analysis software. Wound width measurements were taken through the centre of each wound. 44 Cranio-caudal contraction was expressed as the percentage of the histological wound width measured at day 20 with respect to the central wound width calculated digitally at day 0 as an average of three separate measurements.
Statistical analysis
Data were tested for normality using the Shapiro-Wilk test. Fisher's exact test (for proportionate data) was carried out on a two-sample basis to analyse the impact of treatment on initiation of neo-dermal tissue repair activity. Non-parametric analysis (Kruskal-Wallis followed by ad hoc two-sample Mann Whitney U-test) was used to test the significance of any inter-group differences in wound closure, contraction and re-epithelialisation as well as granulation tissue depth and cranio-caudal contraction.
Results and discussion
The creation of a single-material AC system is presented, whereby macroscopic properties and functions can be controlled by structural parameters introduced at the molecular level in order to fulfil the complex requirements of the chronic wound microenvironment. The system is built from a defined molecular architecture of AC triple helices that are covalently functionalised and integrated in a covalent network following photo-activation (Scheme 1).
The AC network swells upon contact with the wound exudate, forming hydrogels with superior exudate uptake and compression modulus with respect to two wound dressings routinely employed in the clinic, whilst providing additional regulation of upregulated MMP-9 activity. In the following, results on AC structural organisation and respective 4VBC-mediated functionalisation are presented and discussed in relation to the ones of type I rat tail collagen, as typical source employed for the formation of collagen-based materials.
Subsequently, the attention moves to the characterisation of AC hydrogels in vitro and in vivo, indicates the resulting covalent network obtained via UV irradiation.
Scheme 1.
Research strategy undertaken to realise AC hydrogels with superior wound exudate and MMP-9 management capabilities compared to current leading wound dressings. AC triple helices were functionalised with 4VBC adducts via lysine-initiated substitution reaction. UV irradiation of AC precursor solutions resulted in the creation of 4VBC-covalently crosslinked networks of retained AC triple helices. In contact with wound exudate (WE), networks swell resulting in dressing-forming hydrogels at the macroscopic scale. When applied to hard-to-heal wounds, hydrogels display high exudate uptake and compression modulus, and control the activity of exudate-carried upregulated MMPs via complexation with 4VBC adducts. Table 1 ). 4VBC-functionalised precursors displayed 45 mol.-% averaged functionalisation of primary amino groups, whilst Far-UV CD confirmed retention of triple helices (RPN: 0.14, Table 1 ). PBS-equilibrated hydrogels exhibited a swelling ratio of about 2000 wt.-% and a compressive modulus of about 80 kPa, confirming comparable macroscopic properties with respect to rat tail collagen-based analogues. wt.-%).
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Macroscopic wound assessment
A schematic overview of the overall strategy pursued to monitor the healing process is shown in Figure 2 . Levels of re-epithelisation were found to increase up to day 12 post-wounding, after which they tended to plateau or reduce due to the on-going contraction of the wounds. 
Histological analysis of cranio-caudal contraction and granulation tissue depth
Discussion
Several natural compounds have been proposed for the treatment of hard-to-heal wounds, such as Manuka honey, 23 13, 32 or cells, 58 often requiring considerations with regard to activity and release of payload as well as customisation of material format.
The use of individual, ECM-derived biopolymers is a promising strategy for chronic wound care aiming to create wound-customised systems capable to inherently regulate MMP activity and manage wound exudate via structural parameters introduced at the molecular level. Here, the selection of purified, epitope-free sources 59 and the development of multiscale approaches 60 enabling bespoke structure-property-function relationships and material formats are key tasks to enable successful translation to clinical use. The results of this study provide a systematic and comprehensive investigation on the design of a polymer-, soluble factor-and cell-free AC system with controlled MMP-9 sensitivity and enzymatic degradability, displaying retained triple helices, and capable of promoting nearly 99% closure in diabetic wound models, comparable to established gold standards of care.
To investigate wound healing capability, medical grade non-hydrolysed AC was selected as a pristine backbone and compared to rat tail collagen. The influence of the collagen source on the physical and structural properties of resulting materials is known 59 and was therefore addressed by characterising both native as well as functionalised and crosslinked states.
Especially for applications in vivo, the selection of antigen-free sources is a key to the design of medical collagen products, whilst the presence of non-collagenous, potentially immunogenic impurities, e.g. deriving from the material synthesis, should also be considered.
Antigenic determinants of collagen can be found in the (triple) helical regions, with variations in the amino acid sequences not exceeding more than a few percent between mammalian species. 39, 40 A far greater degree of variability is found in the non-helical terminal regions, i.e.
telo-peptides, with up to half of the amino acid residues in these regions exhibiting interspecies variation. 61 Although a systematic immune-toxicity evaluation was not the focus of this study, two strategies were adapted to ensure the formation of collagen materials with minimal antigenicity and immunogenicity: (1) selection of a telopeptide-free collagen source compatible with the synthesis of 4VBC-functionalised collagen networks, and (2) intensive material washing following each synthetic step aiming to accomplish complete removal of non-collagenous impurities. Selected type I AC was obtained via pepsin-mediated extraction of bovine corium, resulting in a highly purified telopeptide-free backbone with similar lysine content and dichroic properties to our previously-used in-house extracted collagen (Table 1) .
Telopeptide-free hydrogels were successfully synthesised with enhanced swelling ratio, compressive modulus (Table 1) were observed in wounds in receipt of 4VBC * with respect to wounds treated with both dressings. The high hydrogel swellability in physiological conditions promoted sequestration and deactivation of up-regulated proteases, so that proteases could be diverted from the neotissue to the dressing and healing accelerated. In line with gravimetric enzymatic degradation data, AC dressings exhibited minimal macroscopic change following a 4-day application in vivo, so that they could be easily located at and removed from the wound bed with no sample break. After 20 days post-wounding, telopeptide-free hydrogels were found to induce both wound contraction and re-epithelialisation. These events are essential for successful skin wound healing, in order to quickly re-establish barrier function by migration of keratinocytes in the direction of the injury and minimise risks of environment-triggered insults. 62 Wound and histological analyses ( Figure 2 and 4) confirmed that the regeneration of the epidermis was almost complete for hydrogel-treated wounds, suggesting the presence of healthy epithelial cells on the top of the injured tissue, whilst new epidermis appeared as thick as that of healthy skin wounds.
Conclusions
The present study provided new information on the capacity of a functionalised collagen network to stimulate healing of full-thickness wounds in diabetic mice, avoiding the use of 
